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Figure  1.  SIMS  depth  profiles  of  Ge  films  deposited  on  (100)  GaAs  at  RT  with  (a)  the  substrate 

oxide  thermally  removed,  (b)  the  substrate  oxide  left  on.  (c)  a  1200  A  Au  film  deposited 

on  the  Ge  film  in  situ,  and  (d)  the  Ge  film  exposed  to  an  '®0/’*0  atmosphere  in  the 

UHV  system  load  lock . ^ 

Figure  2.  SIMS  depth  profiles  of  Ge  films  deposited  on  (100)  GaAs  at  (a)  100°C  with  the 
substrate  oxides  thermally  removed,  (b)  at  100°C  with  the  oxides  left  on,  and 
(c)  at  . . 5 

Figure  3.  Multipass  FTIR  absorption  spectrum  of  Ge  films  deposited  at  different 

temperatures . ^ 
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Abstract 

The  Fourier  Transform  Infrared  (FTIR) 
absorption  spectrum  from  500  to  4000  cm'^  was 
measured  for  several  Ge  films  deposited  on  GaAs 
using  ultra  high  vacuum  (UHV)  E-beam  deposition 
at  substrate  temperatures  ranging  from  room 
temperature  (RT)  to  500°C.  The  spectra  indicate 
oxygen  incorporation  at  low  deposition  temperatures 
whether  or  not  the  native  oxide  was  removed  from 
the  substrate  prior  to  film  deposition.  Previously, 
transmission  electron  microscopy  (TEM)  has  sho^^m 
that  all  of  the  Ge  films  deposited  on  GaAs  (100)  at 
room  temperature  and  those  deposited  at  100°C  on 
GaAs  (100)  having  a  native  oxide  are  amorphous 
while  those  deposited  at  100°C  on  oxide  free  (100) 
GaAs  are  crystalline,  but  highly  defective. 
Secondary  ion  mass  spectroscopy  (SIMS) 
measurements  show  that  the  films  deposited  at  RT 
contain  more  than  two  orders  of  magnitude  more 
oxygen  than  the  films  deposited  at  100°C  or  a  single 
crystal  film  deposited  at  400®C.  diffusion 

studies  definitively  show  that  the  excess  oxygen  in 
the  films  percolates  in  from  the  atmosphere.  SIMS 
studies  further  reveal  that  thermally  remo\ing  the 
GaAs  substrate  surface  oxide  or  depositing  a  1200A 
polycrystalline  Au  film  on  top  of  the  Ge  film  has 
little  effect  on  the  incorporation  of  oxygen. 

Introduction 

Ge  is  an  attractive  waveguide  material^  for 
GaAs  based  electro-optic  integrated  circuit  devices 
utilizing  mid  infrared  light  (a  =  3  to  10  pm).  Pure 
Ge  is  transparent  at  these  wavelengths,  has  a 
relatively  large  index  of  refraction  (n  =  4.0)  enabling 
it  to  better  confine  light  via  total  internal  reflection^ 
and  is  essentially  lattice  matched  to  GaAs.  This  last 
condition  enables  one  to  heteroepitaxially  grow  Ge 
on  GaAs  that  is  of  high  crystalline  quality. 
However,  to  achieve  defect  free  epitaxy,  one  must 
deposit  the  Ge  film  at  temperatures  greater  than 


400®C^.  At  these  temperatures,  Ga  and/or  As  diffuse 
across  the  interface  and  dope  the  Ge.  The  resulting 
carriers  absorb  a  considerable  amount  of  10  pm  light 
rendering  the  Ge  unusable  as  a  waveguide 
materiaP^  The  dopant  concentrations  can  be 
reduced  by  lowering  the  growth  temperature  to  50®C 
or  less,  where  virtually  no  free  carrier  absorption  is 
measured.  However,  when  the  growth  temperature 
is  lowered  to  50®C  or  (RT),  a  narrow  absorption 
peak  appears  at  830  cm‘^  simultaneously  with  a 
broad  absorption  peak  from  2700  to  3700  cm'^ 
These  absorption  features  are  due  to  a  bulk  effect  in 
the  Ge,  because  the  peak  height  is  reduced 
proportionately  when  the  Ge  film  thickness  is 
reduced  by  etching^. 

The  observ^ation  that  there  is  a  Ge-0 
absorption  peak"*  ”  at  830  cm"^  indicates  that  the  films 
grown  at  RT  and  50°C  are  contaminated  ^^ith 
oxygen.  Initially,  it  was  difficult  to  explain  the 
origin  of  the  oxygen  because  the  Ge  films  were 
grown  under  ultra-high  vacuum  (UHV)  conditions. 
Further,  the  absorption  peaks  were  equally  large  for 
the  films  grown  on  oxide-free  GaAs  substrates  as 
they  were  for  films  grown  on  GaAs  with  a  native 
oxide.  This  strongly  suggests  that  the  substrate 
oxides  were  not  the  source  of  the  oxygen 
contamination.  In  a  somewhat  analogous  study,  Foti 
et  al.^  found  that  silicon  films  deposited  at  RT  were 
amorphous,  and  that  oxygen  percolated  into  them 
from  the  atmosphere.  Double  crystal  x-ray 
diffraction  spectra,  for  all  of  the  films  deposited  at 
RT  or  50°C  and  for  those  deposited  at  100°C  on  an 
oxidized  substrate,  have  no  diffraction  peaks. 
Therefore,  these  films  are  probably  amorphous.  This 
agrees  with  previous  cross  sectional  TEM  studies  of 
Ge  films  deposited  on  (100)  GaAs.  While  Ge  films 
deposited  on  clean  GaAs  (100)  at  400°C  are  single 
crystal  epitaxially  grown  films^,  Ge  films  grown  at 
RT  are  amorphous^.  Ge  grown  at  100°C  on  GaAs 
(100)  with  a  native  oxide  is  also  amorphous. 
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However,  when  Ge  films  are  deposited  at  100°C  on 
oxide-free  GaAs,  they  show  good  epitaxy  with  the 
GaAs  out  to  about  60  nm  where  they  become 
disordered,  containing  a  high  density  of  twins  and 
stacking  faults  (>10"  cm'^).  The  change  to  the  more 
defective  structure  is  likely  due  to  three  dimensional 
nucleation  on  the  growing  surface  caused  by  the 
relatively  low  rate  of  surface  diffusion  at  100°C.  This 
mechanism  has  been  suggested  by  Eaglesham  and 
Cerullo  for  the  low  temperature  growth  of  Ge  on 
(100)  Sf.  These  authors  also  noted  that  at  about 
170°C  there  was  a  large  increase  in  the  thickness  of 
the  epitaxial  layer,  and  they  attributed  it  to  the  solid 
phase  epitaxy  of  Ge^.  This  transition  temperature 
should  be  lower  for  Ge  growth  on  GaAs  where  lattice 
match  is  better  and  therefore  the  stress'®  is  less.  It  is, 
therefore,  not  surprising  that  epitaxial  growth  is 
obsen'ed  at  100°C. 

The  oxygen  content  in  the  Ge  films  was 
determined  using  secondary  ion  mass  spiectroscopy 
(SIMS).  The  films  investigated  were  deposited  on  a 
GaAs  substrate  with  and  without  a  surface  oxide  at 
RT  and  100°C,  and  at  400°C  without  an  oxide. 
Some  of  the  RT  films  also  had  a  Au  layer  deposited 
in  situ  on  top  of  Ge  to  determine  if  it  could  act  as  an 
effective  diffusion  barrier  to  the  oxygen  from  the 
atmosphere.  In  addition,  a  film  deposited  at  RT  on 
an  oxidized  substrate  was  characterized,  after  it  had 
been  exposed  in  the  load  lock  to  a  50:50  mixture  of 
'®0/'*0  for  24  hours,  to  confirm  that  the  oxygen 
comes  from  the  atmosphere.  FTIR  absorption 
spectra  were  obtained  to  determine  how  growth 
conditions  affected  the  IR  absorption,  particularly 
the  absorption  associated  with  oxygen  and  free 
carriers. 

Ex'oeriment 

After  loading  the  GaAs  (100)  wafers  into  a 
UHV  E-beam  evaporation  system,  they  were  heated 
to  600°C  for  15  min  to  remove  the  surface  oxide  in 
situ  and  then  cooled  to  the  growth  temperature,  or 
they  were  directly  heated  to  the  growth  temperature. 

The  Ge  was  deposited  at  about  1  A/sec  to  a 
thickness  of  about  0.2  to  2.0  pm.  For  the  samples 
with  the  Au  diffusion  barrier,  the  1200 A  of  Au  was 
deposited  at  about  the  same  rate  as  the  Ge.  One 
sample  was  left  in  the  load  lock  where  it  was 
exposed  to  a  50:50  mixture  of  '*0/'*0  for  24  hours, 
and  the  other  samples  were  allowed  to  sit  in  an 
unenriched  atmosphere.  SIMS  depth  profiles  for  a 
number  of  samples  were  obtained  using  Cs"^  ion 
beam  sputtering  with  negative  secondaiy'  monitoring. 


The  FTIR  absorption  spectra  of  the  films  were 
recorded  using  the  method  described  previously'*. 

Results 


The  SIMS  profiles  (Fig.  1)  of  the  films 
deposited  at  RT  show  that  they  do  indeed  contain 
large  amounts  of  oxygen.  Figures  1(a)  and  1(b)  are 
depth  profiles  of  Ge  films  deposited  on  GaAs  which 
is  clean  or  which  has  a  native  oxide,  respectively. 
Since  these  two  films  have  essentially  identical 
oxygen  concentrations,  one  can  conclude  that  the 
oxygen  concentration  in  the  Ge  films  is  not  affected 
by  the  presence  or  absence  of  a  native  oxide  on  the 
substrate  (~100A).  Subsequent  Auger  analysis  has 
determined  the  oxygen  concentration  in  the  RT  Ge 
films  to  be  ~0.5%.  A  1200A,  polyciystalline  Au 
capping  layer  results  in  somewhat  lower  oxygen 
levels  (Fig.  1(c)).  However,  exposure  to  '*0 
enriched  oxygen  results  in  '*0  inclusion  throughout 
the  Ge  film  in  spite  of  a  Au  capping  layer  (Fig.  1(d)). 
This  clearly  shows  that  oxygen  percolates  into  the 
Ge  film  from  the  atmosphere,  and  that  the  Au  layer 
is  not  an  effective  diffusion  barrier.  The  Au  has  too 
many  grain  boundaries,  and/or  has  too  many  pores. 
Additional  SIMS  profiles  (Fig.  2),  show  that  the 
oxygen  content  in  the  Ge  films  grown  at  100°C  and 
400°C  is  more  than  two  orders  of  magnitude  lower 
than  those  deposited  at  RT  (Fig.  1).  This  reduced 
oxygen  level  is  observed  in  all  three  profiles 
displayed  in  Fig.  2  even  though  Fig.  2(a),  2(b),  and 
2(c)  are  of  polycn'stalline,  amorphous,  and  single 
civ'stal  Ge  films,  respectively.  Evidently,  it  is  not 
necessary  for  a  film  to  be  crystalline  to  resist  oxygen 
incorporation.  Apparently,  growth  at  100°C  or 
higher  provides  sufficient  surface  mobility  to  reduce 
the  number  of  pores  in  the  film  below  a  critical 
value.  Alternately,  the  increased  mobility  may  be 
reducing  the  number  of  oxygen  binding  sites  by 
increasing  the  number  of  Ge  nearest  neighbors. 

The  FTIR  absorption  spectra  of  the  Ge  films 
deposited  on  GaAs  at  RT  and  100°C  with  substrate 
oxidation,  and  at  100°C  without  substrate  oxidation 
are  shown  in  Fig.  3.  The  Ge  deposited  at  RT  without 
oxides  on  the  GaAs  surface  reveals  strong  oxide 
related  absorption  features  including  the  absorption 
peak  at  830  cm  '.  In  all  samples  tested,  bulk  oxide 
related  absorption  features  were  perfectly  correlated 
with  the  SIMS  observation  of  high  oxygen  count 
rates  throughout  the  Ge  films.  The  absorption 
spectrum  of  the  Ge  deposited  at  100°C  without 
oxides  on  the  GaAs  surface  shows  increasing 
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absorption  with  increasing  wavelength  w’hich  is 
characteristic  of  free  carrier  absorption.  The  100°C 
growth  on  an  oxidized  substrate  exhibited  none  of 
the  oxide  related  absorption  features,  as  well  as  no 
indication  of  free  carrier  absorption.  Therefore,  the 
substrate’s  native  oxide  is  an  effective  barrier  to  Ga, 
As,  and  Ge  interdiffiision  at  100°C  while  the  100°C 
growth  temperature  is  sufficient  to  prevent  the 
defects  that  result  in  oxidation  of  the  Ge  film. 

Conclusions 

The  above  experiments  clearly  show  that 
oxygen  is  absorbed  into  RT  grown  Ge  films.  This 
suggests  that  the  RT  Ge  films  are  more  accessible  to 
the  oxygen  (pores)  or  have  more  oxygen  binding 
sites  (dangling  bonds)  than  the  films  deposited  at 
100°C.  The  SIMS  data  support  these  possibilities  as 
the  oxygen  to  Ge  ion  count  ratio  in  RT  grown  Ge  is 
~l-20  while  it  is  -0.05  for  the  Ge  films  grown  at 
100°C.  In  addition,  a  GaAs  oxidation  layer  has  been 
shown  to  be  an  effective  barrier  to  Ga  and  As 
diffusion  into  the  Ge  films  grown  at  100°C.  As  a 
result,  of  the  growth  conditions  investigated, 
growing  Ge  at  100°C  on  an  oxidized  GaAs  substrate 
results  in  the  best  waveguide  material. 
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Figure  1.  SIMS  depth  profiles  of  Ge  films  deposited  on  (100)  GaAs  at  RT  with  (a)  the  substrate 
oxide  thermally  removed,  (b)  the  substrate  oxide  left  on,  (c)  a  1200  A  Au  film  dejxjsited  on  the 
Ge  film  in  situ,  and  (d)  the  Ge  film  exposed  to  an  '®0/'*0  atmosphere  in  the  UHV  system  load 


Figure  2.  SIMS  depth  profiles  of  Ge  films  deposited  on  (100)  GaAs  at  (a)  100®C  with  the 
substrate  oxides  thermally  removed,  (b)  at  100°C  with  the  oxides  left  on,  and  (c)  at  400®C. 
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Figure  3.  Multipass  FTIR  absorption  spectrum  of  Ge  films  deposited  at  different  temperatures. 
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ATTN:  AMSRL-D  (John  W.  Lyons) 

2800  Powder  Mill  Road 
(1)  Adelphi,MD  20783-1197 

Director 

Army  Research  Laboratory 
ATTN:  AMSRL-DD  (COL  Thomas  A.  Duim) 
2800  Powder  Mill  Road 
(1)  Adelphi,  MD  20783-1197 

Director 

Army  Research  Laboratory 

2800  Powder  Mill  Road 

Adelphi,  MD  20783-1197 

(1)  AMSRL-OP-SD-TA  (ARL  Records  Mgt) 

(1)  AMSRL-OP-SD-TL  (ARL  Tech  Library) 

(1)  AMSRL-OP-SD-TP  (ARL  Tech  Publ  Br) 

Directorate  Executive 
Army  Research  Laboratory 
Physical  Sciences  Directorate 
Fort  Monmouth,  NJ  07703-5601 
(1)  AMSRL-PS 
(1)  AMSRL-PS-A  (V.  Rosati) 

(1)  AMSRL-PS-T  (M.  Hayes) 

(1)  AMSRL-OP-FM-RM 
(22)  Originating  Office 


Advisory  Group  on  Electron  Devices 
ATTN:  Documents 
Crystal  Square  4 

1745  Jefferson  Davis  Highway,  Suite  500 

(2)  Arlington,  VA  22202 

Commander,  CECOM 

R&D  Technical  Library 

Fort  Monmouth,  NJ  07703-5703 

(1)  AMSEL-IM-BM-I-L-R  (Tech  Library) 

(3)  AMSEL-IM-BM-I-L-R  (STINFO  Ofc) 
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Deputy  for  Science  &  Technology  Cdr,  Marine  Corps  Liaison  Office 

Office,  Asst  Sec  Army  (R&D)  ATTN:  AMSEL-LN-MC 

(1)  Washington,  DC  20310  (1)  Fort  Monmouth,  NJ  07703-5033 

HQDA  (DAMA-ARZ-D/ 

Dr.  F.D.  Verderame) 

(1)  Washington.  DC  20310 

Director 

Naval  Research  Laboratory 
ATTN;  Code  2627 
(1)  Washington,  DC  20375-5000 

USAF  Rome  Laboratory 
Technical  Library,  FL2810 
ATTN:  Documents  Library 
Corridor  W,  STE  262,  RUSUL 
26  Electronics  Parkway,  Bldg  106 
Griffiss  Air  Force  Base 
(1)  NY  13441-4514 

Dir,  ARL  Battlefield 
Environment  Directorate 
ATTN:  AMSRL-BE 
White  Sands  Missile  Range 
(1)  NM  88002-5501 

Dir,  ARL  Sensors,  Signatures, 

Signal  &  Information  Processing 
Directorate  (S3I) 

ATTN:  AMSRL-SS 
2800  Powder  Mill  Road 
(1)  Adelphi,MD  20783-1197 

Dir,  CECOM  Night  Vision/ 

Electronic  Sensors  Directorate 
ATTN:  AMSEL-RD-NV-D 
(1)  FortBelvoir,VA  22060-5806 

Dir,  CECOM  Intelligence  and 
Electronic  Warfare  Directorate 
ATTN:  AMSEL-RD-IEW-D 
Vint  Hill  Farms  Station 
(1)  Warrenton,  VA  22186-5100 
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